This paper performs a systematic numerical study to investigate the effect of rotation friction ratio on the power extraction performance of a passive rotation H-type vertical axis wind turbine (H-VAWT). In contrast to the previous literature, the present work does not impose rotation velocity on the turbine, and the rotation friction ratio which reflects the effect of external load characteristics on the turbine is introduced to the governing equation of the turbine. During each iteration, the rotation velocity of the turbine is computed after having determined the aerodynamic torque exerted on the blade of the turbine. This is more consistent with the actual working environment of the H-VAWT. A novel numerical coupling model was developed to simulate the interaction between the fluid and the passive rotation of the H-VAWT; then, the power extraction performance of the turbine with different rotation friction ratio was systematically analyzed. The results demonstrate that the power extraction performance of H-VAWT will be enhanced when the H-VAWT has appropriate rotation friction ratio. It is also found that the flow separation induced by large angle of attack is alleviated essentially if the H-VAWT has appropriate rotation friction ratio, which makes the H-VAWT have better energy extraction performance.
Introduction
With increasing of energy crisis and environment pollution, the performance of vertical axis wind turbine (VAWT) which is used for electricity generating has attracted a lot of interest [1] . There are three types of VAWT, named Savonius type, Darrieus eggbeater type, and Darrieus straight type [2] . Among them, the Darrieus straight type represents the most promising design for its special advantages, such as simple design, low cost, and good maintenance [3, 4] . Large numbers of computational and experimental studies have been carried out to investigate the aerodynamic performance of straight type VAWT (H-VAWT) with different parameters, and a considerable number of conclusions have been drawn [5] [6] [7] [8] .
Peng et al. [9] conducted a series of wind tunnel tests to measure aerodynamic forces on the blades of a highsolidity H-VAWT with different chord widths under different wind speeds and at various tip speed ratios, and the results showed that the high-solidity H-VAWT not only has better self-starting performance, but also possesses better power extraction performance at lower tip speed ratios. To investigate the effect of blade number on the performance of a H-VAWT, Castelli et al. [10] simulated the flow around a H-VAWT with NACA0025 airfoil, and the results indicated that with the increasing of blade number, the peak power coefficient of the turbine will decrease. Li et al. [11] conducted an experimental study to investigate the effect of Reynolds number on the power extraction performance of the H-VAWT. It was found that the higher the Reynolds number is, the better the turbine's performance possesses. Roh and Kang [12] investigated the effect of solidity on the performance of a H-VAWT by using multiple stream tube method. The results revealed that the larger the solidity is, the narrower the range of the turbine to generate positive power is. Zhu et al. [13] numerically studied the power extraction performance of a H-VAWT with utilizing synthetic jet active flow control 2 International Journal of Rotating Machinery technique and concluded that the power extraction performance of the turbine can be enhanced by the jet effect, and the maximum increase of power coefficient is 15.2%.
Zhu et al. [14] investigated the effect of solidity and fixed pitch angle on the aerodynamic characteristics of the H-VAWT by using coupled solving incompressible Navier-Stokes (N-S) equations and passive rotation of the H-VAWT method. It was found that the solidity and fixed pitch angle influence the aerodynamic characteristics of the H-VAWT greatly, and delay stall is observed around the H-VAWT with appropriate solidity and fixed pitch angle, therefore leading the turbine to have better performance characteristics. Later, using the same method, they also studied the effect of fluctuating wind on the self-starting aerodynamic characteristics of H-VAWT, and it was concluded that the self-starting aerodynamic characteristics of VAWT will be enhanced when the fluctuating wind has appropriate fluctuation amplitude and frequency [15] .
From the above aforementioned studies, it is concluded that many studies have been carried out to study the power extraction performance of the H-VAWT; however, most of the aforementioned studies consider the energy extraction characteristics of the H-VAWT with prescribed rotational speed; actually, the rotation of the H-VAWT is passive. Therefore, in this paper, we consider a H-VAWT whose rotational speed is passive and determined by the dynamic interaction between the fluid and turbine and investigate the effect of rotation friction ratio on the power extraction performance of the turbine. To this end, the rotation friction ratio which reflects the effect of external load characteristics on the turbine is introduced to the governing equation of the turbine, and a novel numerical coupling model is developed to simulate the interaction between the fluid and the passive rotation turbine. The format of this paper is organized as follows. The physical model and parameter definition are presented in section "Physical Model and Parameter Definition", followed by a description of the numerical method in section "Numerical Method". Results and discussions are presented in the next section, and some conclusions are drawn in the final section.
Physical Model and Parameter Definition
The object of this work is to analyze the effect of rotation friction ratio on power extraction characteristics of the 2D three blades H-VAWT. The schematic structure of the passive rotation turbine is similar to our previous published paper [14] , as shown in Figure 1 , where the section blade of the turbine is simplified as NACA0018 airfoil and ∞ is the free stream velocity, the turbine passive rotation velocity, the resultant velocity approaching to the blade section, the angle of attack of the airfoil, the azimuth angle, , the tangential and normal force, and , the lift and drag force. Based on the relationship described in this figure, the angle of attack can be defined as
where is the tip speed ratio which is defined as
and the tangential and normal force and can be calculated from the equation as
Contrary to the previous literature studied on the H-VAWT, the rotation of the turbine is driven by the aerodynamic torque, which is defined as
According to the Newton's second law, the governing equation of the passive rotation turbine is defined as
where is the rotation friction coefficient which reflects the effect of external load characteristics on the turbine, such as the resistance from the electricity generator and rotation friction between rotation shafts and bearings, and J is the inertia moment of the turbine. Then the energy absorbed from the wind is defined as = (7) and the power coefficient is calculated by
where is the wind density. The mean power coefficient then can be described as
where = /(2 ). There are four relative nondimensional parameters, named Reynolds number, solidity, rotation friction ratio, and density ratio to determine the fluid dynamic of the turbine. The definition of them is described as
where ] is the fluid kinematic viscosity, N the number of the turbine, b the chord of the blade, and the blade density. 
Numerical Method
. . Interaction of Passive Rotation of VAWT and Fluid Solving. Considering the Reynolds number of the turbine working (at range of 10 5 ), it is assumed that the flow around the turbine is incompressible and turbulent; therefore, the governing equations for fluid flow are the 2-D unsteady incompressible turbulent Navier-Stokes equations:
where and are the subscript of the velocity, and are the velocity vector, p is the pressure, is the fluid dynamic viscosity, − is the Reynolds stress, is the Kronecker function, V is the turbulent kinetic energy, and is the turbulent viscosity.
In order to solve the governing EQ (11), RNG kturbulence model which is suggested for VAWT simulation by Howell et al. [16] and Almohammadi et al. [17] is employed to solve the Reynolds stress. The dynamic mesh technique is employed to simulate the passive rotation of the turbine. Meanwhile, the coupling between the pressure and the velocity is achieved by means of the SIMPLEC algorithm.
On the other hand, to solve the governing EQ (6), central difference scheme is applied for the time discretization of the passive rotation angle in EQ (6), and then EQ (6) can be rewritten as
where Δt is the iteration time step and the superscript + Δ , t and -Δ indicate a value at the corresponding time step. is the aerodynamic torque at the current moment which can be obtained after the flow field solved. A novel coupling method is employed to solve the interaction of fluid and passive rotation turbine. In this method, at each time step the fluid field is solved first using Ansys-Fluent to obtain the aerodynamic torque on the turbine, and then the passive rotation angle of the turbine under the obtained torque is determined by EQ (6), which is embedded in Ansys-Fluent using the user defined function (UDF). In the next time step, the fluid flow is solved for the turbine with an updated position angle and a new aerodynamic torque is obtained. The dynamic mesh technique is used in updating the turbine's position angle at each time step. The fluid flow and the turbine's passive rotation are solved alternatively until the turbine achieves steady cyclical rotation. For more information about the developed numerical coupling method, one can reference our previous paper [14, 15] .
. . Mesh Generation and Boundary Conditions. A hybrid mesh system is employed, where a C type computational domain (as shown in Figure 2 ) contains a stationary domain and a rotating domain. Ten rows of boundary layer are used to encompass the entire blades in the rotating domain, which moves according to the turbine passive rotation, and mixed quadrilateral and triangular cells are used in the stationary 
domain, where remeshing takes place at each time step. Note that in the following simulation all the y+ values on the blade surfaces are on the order of 1.0, which has been proved to be accurate for simulating the flow around VAWT by Howell et al. [16] .
No-slip wall boundary condition is applied on the surface of the blade, and symmetry boundary conditions are applied on the top and also bottom computational domain. An incoming flow from left to right is applied on the left computational domain and the boundary condition is given by
The pressure outlet is applied on the right computational domain and the boundary condition is given by
where ∞ is the standard atmospheric pressure.
. . Method Validation. Firstly, computations with different grid numbers and iteration time steps are performed to ensure the independence of the numerical results on the mesh size and time-discretization scheme. Details of grid numbers and iteration time steps are shown in Table 1 . These checks are carried out on the representative case of Re=3.41 × 10 5 , =0.30, =0.100, and * =75. The results of mean energy coefficient and passive rotation velocity of the VAWT for different levels of cells and time steps are shown in Figure 3 . It is seen from this figure that the computation results of mean power coefficient ( =0.075) and passive rotation velocity ( =44.45rad/s, and results =3.07) have little effect by the variation of the mesh size and iteration time steps for the scheme with grid3, ût=1.0 × 10 −4 and grid2, ût=1.0 × 10 −4 . Therefore the grid3 with a number of 1.4 × 10 5 mixed cells is sufficiently dense and a size of time step 0.0001s is sufficiently small to grasp the main features of the flow around the turbine, and they are employed for the next simulations.
To ensure the reliability of the developed coupling method for simulating the interaction of fluid and passive rotation H-VAWT, we carry out the validation with a passive rotation H-VAWT model, which was experimentally studied by Hill et al. [18] and also numerically studied by Untaroiu et al. [19] . Computations are performed to compare the results with the study of Hill et al. [18] and Untaroiu et al. [19] at the same condition. The simulation parameters are Re=3.41 × 10 5 , = 0.33, = 0.0, and * = 68. The resulting passive rotation velocity is plotted against time as shown in Figure 4 , where t' is defined by t'=t/ ( is the time when steady rotation velocity was established). It is seen from this figure that the passive rotation angular velocity slightly deviates between the results of the present numerical study and that of Hill et al. when t' is at range from 0.7 to 1.0. This difference may be attributed to the neglecting of the three dimension effect and other blade supporting structures and also rotation friction for the numerical study in this work. Generally, the results of present study agree closely with that of Hill et al. [18] and Untaroiu et al. [19] .
Results and Discussion
As conducted in Section 2, the main parameters related to the response of passive rotation H-VAWT are Reynolds number Re, solidity , rotation friction ratio , and density ratio For the purpose of reducing the number of variables, solidity is fixed at 0.30 and density ratio * keeps a value of 75. Consequently, key parameters that affect the power extraction performance of the turbine are Reynolds number Re and rotation friction ratio . To investigate the effect of Re and on the power extraction performance of the passive rotation H-VAWT, three different Reynolds numbers Re=3.41 × 10 5 , 5.12 × 10 5 , and 6.82 × 10 5 corresponding to free stream velocity ∞ = 6m/s, 9 m/s and 12 m/s are considered, and the rotation friction ratios are studied at range from 0.05 to 1.00. The other characteristic parameters of the VAWT studied in this paper are summarized in Table 2 . Figure 5 displays the mean power coefficient ( ) versus rotation friction ratio ( ) with the considered three different Reynolds numbers. Four interesting points can be concluded from this figure. Firstly, similar variation trend of with is observed; no matter what value of Reynolds number does the turbine have, increase first then decrease sharply with , and there exists an optimal where the turbine achieves the maximum . Secondly, as the Reynolds number increases, the value of the optimal and the maximum of the turbine increase. Thirdly, has little influence on the when cross its optimal value for all the considered Reynolds number in this paper. Fourthly, for the turbine with same (at range <0.25), the smaller the Reynolds number is, the larger the of the turbine has, which indicates that the small of the H-VAWT may be of benefit for the turbine to extract In order to analyze the mechanism of how the rotation friction ratio affects the energy extraction characteristics of H-VAWT, three specific cases with =0.05, 0.80, and 1.00 at Re= 6.82 × 10 5 are studied in detail. As conducted by Ferreira et al. [20] , taking a close-up examination angle of attack of the blade during each revolution of the turbine rotor is very helpful for understanding the relative hydrodynamic behavior, such as dynamic stall. The passive rotation velocities of the turbine are 99.30rad/s, 79.25rad/s, and 17.05rad/s for the turbine with =0.05, 0.80, and 1.00, respectively, which results in the turbine having tip speed ratios 3.43, 2.74, and 0.59, respectively. Figure 6 displays angle of attack of the blade1 versus azimuth for different rotation friction ratio at Re= 6.82 × 10 5 . The study shows that for the H-VAWT with =0.05 and 0.80, angle of attack is sine-function of the azimuth angle, while for the H-VAWT with =1.00, angle of attack is a sawtooth-function of the azimuth angle. Moreover, larger results in high throughout the passive rotation cycle, and the maximum amplitude of of the H-VAWT with =1.00 has value as high as 90 deg, which indicates the blade1 of the H-VAWT are in stall. Figure 7 shows power coefficient versus azimuth angle for the three considered at Re=6.82 × 10 5 . Obviously, similar varying trends versus azimuth angle as angle of attack are observed. The power coefficients of the H-VAWT with =0.05 and 0.80 are sine-function of the azimuth angle, while it is not for the H-VAWT with =1.00. Moreover, as the increase, the amplitude of increases first then decreases. This finding could be explained as the angle of attack of the H-VAWT with =0.05 and 0.80 is below the stall angle of the blade at Re= 6.82 × 10 5 , while the angle of attack of the H-VAWT with =1.00 is larger than the stall angle of the blade, which results in the H-VAWT with =0.80 having larger power coefficient and the H-VAWT with =1.00 having smaller power coefficient. Figure 8 plots the vortices contours of the three specific H-VAWT considered above. It is seen from this figure that similar vortex patterns near wing surface are observed for the H-VAWT with =0.05 and 0.80. During a passive rotation cycle, nearly no separated vortex is observed around the blade surface of the turbine; however, the vortex of the H-VAWT with =0.80 is stronger than the H-VAWT with =0.05; this finding could be explained as the angle of attack of the H-VAWT with =0.80 is larger than the H-VAWT with =0.05, as shown in Figure 6 . On the other hand, for the H-VAWT with =1.00, obviously, separated vortex exists near the surface of the blade also at the flow wake of the turbine, which indicates that more energy is disappeared for the H-VAWT with =1.00, which is the reason why the H-VAWT with =1.00 has smallest mean power coefficient. In order to analyze why the H-VAWT with small has better power extraction performance under low Reynolds number, a specific H-VAWT with =0.25 under three different Reynolds numbers considered in the last section are studied in detail. The passive rotation velocities of the turbine are 40.84rad/s, 66.40rad/s, and 92.57rad/s for the turbine with Re=3.41 × 10 5 , 5.12 × 10 5 and 6.82 × 10 5 respectively, which makes the turbine have tip speed ratios 2.82, 3.06, and 3.20, respectively. Figure 9 shows angle of attack of the blade1 versus azimuth for different Reynolds numbers at =0.25. It is found that angle of attack is sine-function of the azimuth angle for all the considered cases. However, lower Reynolds number results in high throughout the rotation cycle, which is the reason why the H-VAWT at Re=3.41 × 10 5 has larger mean power coefficient, as shown in Figure 5 . Figure 10 shows power coefficient versus azimuth angle for the H-VAWT under three considered Reynolds numbers at =0.25. Obviously, similar varying trends versus azimuth angle are observed; the power coefficient are sine-function of the azimuth angle. However, the positive amplitudes of the power coefficients of the turbine are almost identical, but the negative amplitudes of the power coefficients increase with the Re increasing. This finding could be explained as the angle of attack of the H-VAWT under the three considered Reynolds numbers which are all below the stall angle, while the amplitude of the angle of attack is increasing as the Re is decreasing, as shown in Figure 9 , which makes the H-VAWT under low Re to have larger power coefficient and the H-VAWT under high Re to have smaller power coefficient. Figure 11 plots the vortices contours of H-VAWT under three considered Reynolds numbers. Only two azimuth angles where the H-VAWT have peak angle of attack are considered. It is found from this figure that similar vortex patterns are observed for the H-VAWT under three different Reynolds numbers. However, the trailing vortex of the H-VAWT is close to the blade surface as the Reynolds number decreases, and the wake vortex of the H-VAWT is becoming more complex as the Reynolds number increases, which indicates that more energy disappeared for the H-VAWT under larger Reynolds number, and the delayed stall mechanism is deteriorated when the H-VAWT is under larger Reynolds number.
Conclusion
The object of the present study is to investigate the effect of rotation friction ratio ( ) on the power extraction performance of a passive rotation H-VAWT. The rotation friction ratio which reflects the effect of external load characteristics on the turbine is introduced to the governing equation of the turbine, and a novel numerical coupling model is developed to simulate the interaction between the fluid and the passive rotation turbine, and the results demonstrate that the rotation friction ratio ( ) has significant effect on the power extraction performance of the H-VAWT. There exists an optimal where the turbine achieves the maximum mean power coefficient, and the value of the optimal and the maximum mean power coefficient of the turbine increase with the Reynolds number (or free stream velocity) increasing. It is also concluded that the small of the H-VAWT is of benefit for the turbine to extract energy from wind under low Reynolds number, while the large of the H-VAWT is of benefit for the turbine to extract energy from wind under high Reynolds number. In addition, the results from the flow field investigation illustrate that the flow separation induced by large angle of attack is alleviated essentially if the H-VAWT has appropriate , which indicates that the delay stall mechanism is enhanced, therefore resulting in the H-VAWT to have better energy extraction performance. However, due to the limitation of fixed solidity and density ratio of the H-VAWT employed in the current study, more detailed physics are still being further investigated.
